The seeding depth of grasses affects emergence and adventitious root development. Seedling root morphology and development should be considered when determining planting depth for forage grasses. A field study was conducted on a Kennebec silt loam (fine-silty, mixed, mesic Cumulic Hapludolls) during June to August 1985 and 1986 to investigate the effect of planting depth on seedling emergence, morphology, and establishment of smooth bromegrass (Bromus inermis Leyss.), big bluestem (Andropogon gerardii var. gerardii Vibnan), indiangrass [Sorghastrum nutans (L.) Nash], and switchgrass (Panicum virgatum L.). Seeds were planted by hand to insure seeding depths of 1.5, 3.0, 4.5, and 6.0 cm. Emergence percentage decreased with increased planting depth for all grasses except switchgrass, which had similar percentages at the 1.5-and 3.0-cm planting depths. Coleoptile length and seedling crown depth were positively correlated with actual planting depth in smooth bromegrass, while subcoleoptile internode length was positively correlated with actual planting depth in big bluestem, indiangrass, and switchgrass. lndiangrass differed from big bluestem and switchgrass, since its coleoptile length was positively correlated with actual planting depth. Smooth bromegrass may have the potential of increased adventitious root development due to deep placement of the seedling crown in the soil. Big bluestem, indiangrass, and switchgrass do not have the potential of increased adventitious root development as seeding depth increases, since there was no correlation of seedling crown depth with actual planting depth. Rapid increase in adventitious root number of big bluestem, indiangrass, and switchgrass was noted after three or more consecutive days of rainfall after 4 wk from planting.
T HE ADVENTITIOUS root system of an established grass plant develops from the coleoptilar node and other nodes above the seed node. Coleoptile length and the amount of internode elongation between the seed node and coleoptilar node (subcoleoptile internode elongation) determine the position of the seedline, crown, which is the source of adventitious roots (F&. I). since adventitious root initiation and development require high soil-surface moisture for a 3to 5-d period (Olmsted, 194 1 ; van der Sluijs and Hyder, 1974; Cornish, 1982) , deep planting may encourage adventitious root develo~ment. Wilson and Briske cilis (H.B.K.) Lag ex Stued.] seedlings that lacked adventitious roots did not survive winter in the field.
Deep planting of forage grasses has both increased and decreased seedling emergence. Emergence percentage decreased in smooth bromegrass planted deeper than 1.3 cm in a silty clay loam soil (Lueck et al., 1949) . 'Blackwell' switchgrass had a greater probability of emerging when planted at a depth of 5.0 to 7.5 cm than when planted at shallower depths in a clay loam of medium or low moisture content (Hudspeth and Taylor, 196 1) . Differences in the rate of utilization of seed reserves may explain why certain species emerge at greater planting depths than others (Tischler and Voigt, 1984) . AGRONOMY JOURNAL, VOL. 80, MAY-JUNE 1988 Grass seedling morphology changes with planting depth. The subcoleoptile internode increased in length with planting depth in certain forage grasses (Hyder et al., 1971; Fulbright et al., 1985) , while the internodes above the coleoptile elongated with deep planting in other grasses (Taylor and McCall, 1936) . A long coleoptile that reached the soil surface permitted deep planting without subcoleoptile internode elongation, allowing the seedling crown t o stay at the planting depth (Hyder et al., 1971) . The planting depth recommended in arid environments is related to the combined length of the coleoptile and the subcoleoptile internode (Metcalfe and Nelson, 1985) .
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Grass seedling root development was shown t o be less at greater planting depths (Tadmor and Cohen, 1968; Fulbright et al., 1985; Cornish, 1982) . Smooth bromegrass planted at a 5.0-cm depth had a reduced number of tillers and rhizomes, a limited root system, and a lack of adventitious roots compared to 1.3-and 2.5-cm planting depths (Lueck et al., 1949) . The objectives of this research were to determine how deep a species can be planted without significantly reducing emergence percentage under field conditions, and to study the change in seedling morphology in relation to planting depth. Adventitious root development was used to determine establishment success.
MATERIALS AND METHODS
Four perennial forage grasses, smooth bromegrass, big bluestem, indiangrass, and switchgrass, were used. All seed lots, except for the 1985 big bluestem seed lot, were obtained from Dr. K. P. Vogel, Grass Geneticist, USDA-ARS. The 1985 big bluestem seed lot was obtained from Horizon Seeds, Inc., Lincoln, NE. Different seed cultivars of each grass were used in each year of the 2-yr field study. In 1985, 'Lincoln' smooth bromegrass, 'Pawnee' big bluestem, 'Holt' indiangrass, and 'Pathfinder' switchgrass were used. In 1986, 'Lancaster' smooth bromegrass, 'Kaw' big bluestem, 'Nebraska 54' indiangrass, and 'Trailblazer' switchgrass were used.
Field plots were located on the East Campus of the University of Nebraska-Lincoln. The soil at the sites for both years was Kennebec silt loam. Soil tests during the experiment showed 126 and 702 mg kg-I P and K, respectively, with a pH of 7.5 in 1985, and 67 and 279 mg kg-I P and K, respectively, with a pH of 5.4 in 1986. The 1985 experiment was planted on land fallow for 2 yr. The 1986 experiment had been seeded to winter wheat (Triticum aestivum L.) in the fall of 1985 and was tilled in the early spring 1986 prior to seeding the 1986 experiment.
The experimental design for both years was a split-splitplot design with five replications. Main plots (1 by 5 m) were planting depths, and subplots were species, which were planted in single rows 5 m long. The sub-subplots were sampling dates in which 0.5-m segments of the subplot rows were harvested at each date. All plots, subplots, and subsubplots were randomized within each unit. The distance between rows and main plots was 0.25 m, and between replications, 1 m. Seedbeds were tilled 15 to 20 cm deep with a rotary tiller 2 wk before planting. The 1985 plot was planted on 1 June, and the 1986 plot was planted on 2 June. Seed was planted to obtain a planting rate of 108 pure live seed per square meter. Seeding depths were obtained by making a furrow in the soil with a marked hoe, to the predetermined depths, 1.5, 3.0, 4.5, and 6.0 cm. Seed for each row was dropped uniformly into each furrow row with a precision grass-seed cone planter. The seed was covered with surrounding soil to fill the furrow and establish the predetermined planting depth. In both years, the soil was packed by rolling with a lawn roller after planting. Weeds were removed by hand within 2 d after emergence. Rainfall and daily mean temperature data were obtained from the National Oceanic and Atmospheric Administration (1985-1 986) weather station located at the Lincoln Municipal Airport, 8.8 km from the field plots.
Thirteen days from planting, the number of emerged seedlings was recorded in a 2-m section of each row in five rep lications in 1986 and in three replications in 1985. Emergence percentage was calculated by dividing the number of emerged seedlings by the number of pure live seeds planted and multiplying by 100. Analysis of variance (SAS Institute, 1985) was performed on the emergence percentage data as a 2 X 4 X 4 split-plot design in a mixed model (the year effect was considered the random factor). Appropriate F tests were used to test interaction and main effects. Square root and arcsine transformations of emergence percentage data did not change the significance of the analysis of variance (P>0.05); therefore, analysis of variance was performed on untransformed data. A sequence of grouped comparisons (contrasts) of planting depth on emergence percentage was made to determine the maximum planting depth. The maximum planting depth is the deepest planting depth that does not cause a significant reduction in emergence percentage from the immediately shallower depth. The contrasts followed a sequence of comparisons that compared the shallow planting depth or depths to the single, deeper planting depth. This sequence allowed a test of significance between the shallow planting depth(s) and the single, deeper planting depth.
Seedling morphology parameters recorded were coleoptile length, subcoleoptile internode length, and seedling crown depth (distance between the soil surface and coleoptilar node) ( Fig. 1) . These morphological parameters were recorded from seedings excavated 2 wk after planting. The soil surface level of each seedling in the sample-row section was marked with a permanent marker. Seedlings were excavated by lifting out the soil block that held the seedlings in the planted row with a long narrow spade. The seedlings were released from the soil by gently pinching the soil. Nearly all roots were retained, although root losses were greater under dry soil conditions. The excavated seedlings were placed in a plastic bag to maintain moisture. Samples were taken to the laboratory and stored at 5°C until seedling morphology measurements were taken (within 3 d from sampling). Before morphological parameters were recorded, the seedlings were washed briefly in soapy water to remove adhering soil. Morphological parameters of three random seedlings within each replication were measured, and means were calculated for further analysis. Analysis of variance was performed in the same manner as emergence percentage data, except all five replications were used in both years. Pearson correlation coefficients (SAS Institute, 1982) were calculated to determine the effects of actual planting depth (distance between the seed and the marked soil surface on the excavated seeding) and coleoptile length, subcoleoptile internode length, and seedling crown depth of each species over all planting depths.
The number of adventitious roots was recorded from seedlings excavated at 2, 3, 4, 6, 8, and 10 wk from planting. Analysis of variance (SAS Institute, 1985) was performed on the adventitious root number as a 2 X 4 X 4 X 6 splitsplit-plot design in a mixed model (the year effect was considered the random factor). Appropriate F tests were used to test interaction and main effects. The 4.5-and 6.0-cm planting depths and smooth bromegrass were dropped from the analysis because of a large number of missing values due to limited seedling survival. . riod because of an uneven distribution of rainfall over lo . time (Fig. 2) . In 1985, a dry period occurred between 0 5 . 4 and 6 wk from planting (Fig. 2) . A dry period occurred between 6 and 8 wk from planting in 1986 (Fig.  2) . In 1985 there were only two periods where rainfall o J < was recorded for three or more consecutive days. They 2 were at 1 wk from planting and just after 6 wk from a 40 planting. In 1986 there were seven periods where raini s .
fall was recorded for three or more consecutive days. A 9-d period of consecutive daily rainfall occurred be-2s tween 4 and 6 wk from planting in 1986. to determine the maximum planting depth for each 'pecies ' 1' In 1985, emergence Percentage deferences (P>O.Oj) in emergence percentage between creased with increased planting depth over all species the and 3.0-cm planting depths. There was no except big bluestem (Table 1) . '0th big bluestem and significant difference (~>0.05) in emergence percentindiangrass had very low emergence even at the age between the 1.5-and 3.0-cm planting depths for cm depth. Either cm was deep Or seed switchgrass in both years (Table 1) . These results sug-mancY reduced emergence. In 1986, emergence pergest that the maximum planting depth is 1.5 elm for centage decreased with increased planting Over smooth bromegrass, big bluestem and, indiangrass. 'pecies except for ' 1. Switch-Switchgrass should be able to tolerate a 3.0-cm plantgrass had a higher emergence percentage than other ing depth on a silt loam soil. species at the 6.0-cm planting depth in both years (Table I).
For both years indiangrass had a significant differ-Seedling Morphology ence (P>0.01) in emergence percentage between the Smooth bromegrass had a highly significant 1.5-and 3.0-cm planting depths. Smooth bromegrass (P>0.01) correlation of coleoptile length and seedling in 1986 and big bluestem in 1985 had significant difcrown depth with actual planting depth but not with 13 d after planting of the 1985 and 1986 field study of smooth  bromegrass, big bluestem, indiangrass, and switchgrass at 1.5-, 3.0-, 4.5-, and 6.0-cm subcoleoptile internode length in both years (Table 2) . season grass seedlings are similar to those found by Occasionally, the internode above the coleoptilar node Hyder et al. (1 97 1) for crested wheatgrass [Agropyron in smooth bromegrass elongated to form a seedling desertorurn (Fisch. ex Link) Schult.] and blue grama. crown above the coleovtilar node. Bin bluestem, indiangrass, and switchgrass had a highlfsignificantcorrelation (P>0.01) of subcoleoptile internode length with actual planting depth in both years (Table 2) . Indiangrass had a significant correlation (P>0.05) of coleoptile length with actual planting depth in both years, while big bluestem and switchgrass did not (Table 2). Big bluestem and switchgrass maintained a constant coleoptile length of 7 and 5 mm, respectively, over all planting depths. In contrast, indiangrass had a 6-to 10-mm increase in coleoptile length with an increase in planting depth. The coleoptile length of indiangrass was affected by planting depth but not to the same extent as was that of smooth bromenrass. In both years, there was no significant cor;elation (P>0.05) of seeding crown depth with actual planting depth in indiangrass and switchgrass, while big bluestem was significant in 1985 only (Table 2) . Only smooth bromegrass consistently developed a deeper seedling crown when planted deeper. Limited elongation of the subcoleoptile internode with elongation of the coleoptile of smooth bromegrass at greater planting depths placed the seedling crown deeper in the soil. Big bluestem, indiangrass, and switchgrass placed their seedling crowns near the soil surface due to subcoleoptile internode elongation; thus, their seedling crowns were only as deep as the length of the coleoptile. These distinctions between cool-and warm-
Adventitious Root Number
A comparison between the 1.5-and 3.0-cm planting depths for number of adventitious roots was made because of limited seedling emergence at the 4.5-and 6.0-cm planting depths. Smooth bromegrass was not included in the analysis due to poor seedling survival at all depths. The late seeding date for cool-season grasses that exposed young seedlings to high temperatures, insect feeding, or disease, or a combination of these, may explain why smooth bromegrass seedlings did not survive well.
All mean adventitious root number values for 1985 and 1986 of big bluestem, indiangrass, and switchgrass at 2, 3, 4, 6, 8, and 10 wk from planting were not significant (P>0.05) between the 1.5-and 3.0-cm planting depths, except for big bluestem at 6 wk from planting in 1986 (Table 3 ). Since all species analyzed had subcoleoptile internode elongation, all seedling crowns were at a similar depth with similar environmental conditions. The mean adventitious root number of big bluestem, indiangrass, and switchgrass at the 1.5-and 3.0-cm planting depths increased with time in both years (Table 3 ). In both years, indiangrass and switchgrass had a higher mean adventitious root number than did big bluestem during early growth (Table 3) . Table 3 . Mean permanent root number and P > F between the 1.5-and 3.0-cm planting depths of big bluestem, indiangrass, and switchmass at 2, 3. 4. 6. 8, and 10 wk from planting in the 1985 and 1986 field study. The number of adventitious roots increased rapidly after 6 wk from planting in 1985 (Table 3 ). In 1986, plants sampled 6 wk after planting had considerably more adventitious roots than those sampled at 4 wk. At 8 wk, another large increase occurred. In 1985, little rain occurred from about 3 to 6.5 wk after planting (Fig. 2) . The soil surface was dry during this period, so adventitious roots could not develop. Beginning at 6.5 wk there was 4 d of rainfall (Fig. 2) that kept the soil surface moist. Adventitious root development requires 3 to 5 d of high soil-surface moisture (Olmsted, 1941; van der Sluijs and Hyder, 1974; Cornish, 1982) . Adventitious root development occurred, which was reflected in the 8-wk sampling date. In 1986 there was a long period where the soil surface was wet from 4 to 6 wk after planting (Fig. 2) , so adventitious root development started earlier. During the first 4 wk from planting there was little adventitious root development, even with a wet soil surface, because the seedlings were in a juvenile stage.
The establishment process of the grasses has two distinct phases; (i) seedling emergence and (ii) seedling establishment (the development of the adventitious root system). Seedling emergence, but not adventitious root development, was affected by planting depth in big bluestem, indiangrass, and switchgrass. Due to late planting and poor survival of smooth bromegrass at all depths, the effect of deeper planting depth on adventitious root production could not be determined. Subcoleoptile internode length of big bluestern, indiangrass, and switchgrass was highly correlated with actual planting depth. Therefore, seedling crown depth among these grasses had no correlation with planting depth. Deeper planting will not enhance adventitious root development in big bluestem, indiangrass, and switchgrass.
